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We have studied the structural and magneto-optical properties of postdeposition oxidized Co thin films. The oxidization process leads to the formation of a double-layered structure of fcc Co 3 O 4 on top of metallic Co. The magneto-optical Kerr effect ͑MOKE͒, measured in the range 0.8 eV рE Ph р5.5 eV reveals characteristic dependencies of the MOKE spectra on annealing temperature and time. In particular, we observe resonance-type enhancements of the Kerr effects by up to a factor of 10 compared with unannealed metallic Co. The experimental data are quantitatively reproduced by bilayer optical stack calculations. © 1998 American Institute of Physics.
͓S0021-8979͑98͒06510-4͔

I. INTRODUCTION
Multilayered ͑ML͒ structures consisting of alternating nonmagnetic and magneto-optically active layers are of significant importance in the field of magneto-optical ͑MO͒ recording. [1] [2] [3] [4] In these ML systems, the magneto-optical Kerr effect ͑MOKE͒ can be strongly enhanced due to the optical properties of the nonmagnetic spacer layers. E.g., in Fe/Cu bilayered films, the Kerr rotation ⌰ K was found to increase strongly in the energetic vicinity of the plasma edge of the underlying Cu layer. 4 Enhancements of this type have been suggested to improve the read-back signal of magnetooptical recording media. 5 In the present paper we discuss the possibility of modifying the magneto-optical properties of polycrystalline Co films by postdeposition annealing in air or oxygen. We show that ''natural'' oxide layers form on top of metallic Co leading to magneto-optically active bilayers. Such postdeposition processing could become technologically relevant. In order to investigate the magneto-optical properties of these oxide/Co bilayered films we have measured the polar magneto-optical Kerr effect in the photon energy range 0.8 eVрE Ph р5.5 eV.
II. SAMPLE PREPARATION AND CHARACTERIZATION
The present Co films were prepared by dc magnetron sputtering at room temperature or electron-beam evaporation ͑EBE͒ at T g Ӎ190°C. For the sputtering process, pure Ar at pressures 1 mbarрpр10 mbar has been used as the sputter gas. Growth rates have been varied between 0.04 and 0.5 Å s
Ϫ1
. Electron-beam evaporation has been carried out in a p base Ӎ5ϫ10 Ϫ9 mbar base pressure system. The pressure during deposition was 5ϫ10 Ϫ7 mbarрpр5ϫ10 Ϫ8 mbar and typical growth rates were 0.1 Å s
Substrates were fused silica ͑quartz͒, Si, or SiN x -coated Si.
After the deposition the films were subjected to various annealing procedures. The samples were exposed to air or oxygen at temperatures 150°CрT ann р350°C for annealing times 1 hр ann р10 h.
Structural and compositional characterization of the samples has been carried out using transmission electron microscopy ͑TEM͒, Rutherford backscattering spectrometry ͑RBS͒, and x-ray diffraction ͑XRD͒. Figure 1͑a͒ shows, as an example, a cross-sectional TEM image of a 2500 Å thick Co film, which has been electron-beam evaporated at T g ϭ190°C on a 400 Å SiN x -coated Si substrate which was preseeded with 100 Å Pt. The sample was annealed for 1 h at T ann ϭ280°C in oxygen. The film consists of two layers: 1800 Å of metallic Co covered with a well-separated 1100 Å thick oxide layer. From a Fourier transform analysis of the top layer in the TEM bright-field image ͑cf. Fig. 2͒ , as well as from RBS and XRD investigations, the oxide is determined to be fcc Co 3 O 4 . From the ⌰-2⌰ XRD scan of the sample shown in Fig. 2 one can see that the metallic Co layer consists of both hexagonal and fcc regions. Additional TEM investigations reveal that the hexagonal structure is the predominant phase coexisting with minor fcc regions in this Co layer.
The total film thickness as taken from the TEM image (t ann ϭ2900 Å) is found to be significantly larger than the nominal thickness of the unoxidized Co film (tϭ2500 Å). This discrepancy is attributed to the incorporation of oxygen during the oxidization process leading to a brittle surface oxide with reduced density. ͓cf. Fig. 1͑a͔͒ . Figure 1͑b͒ shows a cross-sectional TEM image of an ''as-deposited'' film of 100 Å Co sputtered on Si/400 Å SiN X at room temperature ͑RT͒ at pϭ6 mbar Ar gas pressure. This sample has not been subjected to any annealing procedure, and though it is harder to see from the TEM image, it also exhibits a similar double-layered structure of a thin oxide layer on top of the unoxidized metallic Co. This is 
III. MAGNETO-OPTICAL PROPERTIES
To study the effect of annealing in air or oxygen on the magneto-optical properties of thin Co films we have prepared a variety of samples under different growth conditions. In the present paper we show the results of investigations on a series of 1000 Å thick Co films sputtered on fused silica substrates at an Ar pressure of pϭ3 mbar at RT. The samples were annealed in air for different times ann and temperatures T ann : 1 h at 250°C, 2 h at 250°C, 5 h at 250°C, 10 h at 250°C, 1 h at 300°C, 2 h at 300°C, and 1 h at 350°C. Samples being annealed at temperatures T ann Ͻ250°C are omitted here, since only minor changes in the their magneto-optical properties were detected. We point out that the results presented here are characteristic for a broad spectrum of preparation parameters. Changing, e.g., the substrate, the preparation method ͑EBE/sputtering͒, the growth temperature, or the annealing atmosphere ͑air/ oxygen͒ did not significantly influence the magneto-optical properties of the films. Annealing temperature and time, on the other hand, turned out to be key parameters controlling both the structure and magneto-optics of these samples. Figure 3 shows the transverse ͑left column͒ and polar ͑right column͒ Kerr hysteresis loops for the seven samples of the above series. The measurements have been performed at RT using a 633 nm HeNe laser ͑photon energy E Ph ϭ1.96 eV͒. In the transverse configuration, where the magnetic field is parallel to the sample plane, the measured change in the reflection coefficients of s and p polarized waves ⌬R is proportional to the component of the magnetization within the film plane. In the polar configuration the field is applied parallel to the film normal, and the measured Kerr rotation is proportional to the out-of-plane component of the magnetization. It can be seen from Fig. 3 that the easy FIG. 1. TEM cross section images of ͑a͒ 2500 Å Co evaporated on Si/400 Å SiN x /100 Å Pt at T g ϭ190°C and subsequently oxygen annealed for 1 h at T ann ϭ280°C, and ͑b͒ 100 Å Co sputtered on Si/400 Å SiN x at T g ϭRT.
FIG. 2. ⌰-2⌰
XRD scan of 2500 Å Co evaporated on Si/400 Å SiN x /100 Å Pt at T g ϭ190°C and subsequently oxygen annealed for 1 h at T ann ϭ280°C ͑cf. Fig. 1͒ . The intensity is given on a logarithmic scale as function of 2⌰. The Si and Pt peaks originate from the substrate and seed layer, respectively.
FIG. 3.
Transverse ͑left column͒ and polar ͑right column͒ Kerr loops of a series of 1000 Å thick Co films after being subjected to various annealing procedures in air. Note the different field scales at the transverse and polar loops, respectively. axis of magnetization lies within the plane, as is expected for these film thicknesses. [6] [7] [8] Neither the coercivity as taken from the easy-axis loops ͑transverse configuration͒ nor the hard-axis saturation fields obtained from the polar loops undergo significant changes, although the magnitude and sign of the MOKE signals vary strongly with an increasing degree of annealing. Since Co 3 O 4 is paramagnetic at RT ͑Ref. 9͒ ͓like all oxides of Co ͑Ref. 10͔͒, this lends support to the assumption that the magneto-optic response of the samples originates from the unaltered metallic Co underneath the oxidized top layer. Thus, the measured hysteresis loops are consistent with the results of the structural investigations.
Polar MOKE spectral dependencies were measured in the photon energy range 0.8 eVрE Ph р5.5 eV using a fully automated spectrometer based on a zeroing technique.
11 Figure 4 shows complex MOKE spectra ͓Kerr rotation ⌰ K ͑left column͒ and ellipticity ⑀ K ͑right column͔͒ for all samples of the present series. For the ''as-deposited'' film, ⌰ K (E Ph ) and ⑀ K (E Ph ) show relatively weak energy dependencies and are comparable to previously published spectra for hexagonal Co. 12 Air annealing leads to distinct resonance-type features in both ⌰ K and ⑀ K . With an increasing degree of annealing FIG. 4 . Complex polar MOKE spectra and reflectivity at normal incidence R of 1000 Å thick Co films after different degrees of annealing: Kerr rotation ͑left column͒, ⌰ K , ellipticity ͑midcolumn͒, ⑀ K , and reflectivity ͑right column͒ as functions of the photon energy. The open circles denote the experimental results, whereas the solid lines represent the result of bilayer optical stack calculations. The thicknesses of the oxide layers as determined from RBS experiments, t RBS , and as fitted within the model calculations, t Fit , are also given.
͑i.e., increasing T ann and/or ann ͒, these resonances are shifted towards lower energies ͑redshift͒ and grow in magnitude. Peak Kerr rotations of up to ⌰ K ϭϪ5.5°at E Ph Ӎ1.3 eV for the sample annealed for 1 h at T ann ϭ300°C are obtained. To investigate the origin of these enhancement effects we have also measured the energy dependence of the reflectivity at normal incidence R. The results are shown in the right column of Fig. 4 . A strong reduction of R over a broad energy range and the development of two local minima with the increasing degree of annealing is observed. It is obvious that the extrema in ⌰ K (E Ph ) coincide with the minima in R(E Ph ), the latter being directly related to the ͑effective͒ optical constants of the films.
11
The spectral dependence of the optical constants of fcc Co 3 O 4 in the energy range 0.7 eVрE Ph р3.5 eV has been published recently. 13 The data show spectral features correlating with those in the MOKE spectra of our air-annealed Co films. In particular, the extinction coefficient k drops almost to zero near E Ph Ӎ1.2 eV, which is the range of strongest MOKE enhancement. In Fig. 5 we show the energy dependence of the reflectivity of fcc Co 3 O 4 as calculated from the n and k data after Ruzakowski Athey et al. 13 ͑cf. inset in Fig. 5͒ . The qualitative agreement between the spectral dependence of the reflectivity for fcc Co 3 O 4 on the one side and for our air-annealed Co films on the other side indicates that the present enhancement effects have their origin in the optical properties of the oxide layer. This assumption can be directly verified by using bilayer optical stack calculations. We have performed such calculations using the published optical constants of ͑nonmagnetic͒ fcc Co 3 O 4 ͑Ref. 13͒ and an optical stack code based on Yeh's 4ϫ4 matrix formalism.
14 Input data for the metallic Co layer were published optical constants 15 and measured ⌰ K (E Ph ) and ⑀ K (E Ph ) spectra from a thick ''as-deposited'' Co film. In these model calculations one assumes optically flat interfaces between the various layers, and quantitative agreement with the experiment may be expected to the extent that this condition as well as the input parameters are correct. The thickness of the Co layer is set to the values determined from the RBS experiments. The thickness of the oxide layer is also initially set to the RBS value, however, then varied iteratively until a best fit with the experimental data is reached.
The results of these model calculations are included as solid lines in Fig. 4 . As can be seen, we obtain good agreement with the experimental data. Only for the samples with the highest degree of annealing ͑2 h at 300°C and 1 h at 350°C͒, the calculated reflectivity deviates from the measured data at energies E Ph у2.5 eV. This, we think, is attributable to a relatively large roughnesses of up to ⌬t ox Ӎ500 Å in these samples as determined by atomic force microscopy.
The fitted oxide layer thicknesses t Fit can be compared with the respective RBS thicknesses t RBS , which we have done in Fig. 4 . We find it interesting to note that there is a significant discrepancy between t RBS and t Fit for all samples of the present series. This can be attributed to porosities in the Co-oxide layers as, e.g., evident in the TEM images. Such porosities are picked up in the optical method, which measures an oxide thickness consistent with the value extracted, e.g., from TEM. However, they are neglected in the RBS analysis, which assumes bulk density. As an example, we find t Fit ϭ1100 Å for the film depicted in Fig. 1͑a͒ by utilizing the bilayer optical stack model, which is in good agreement with the actual thickness taken from the TEM image.
IV. CONCLUSION
We have investigated the structural and magneto-optical properties of oxidized Co films. From TEM, XRD, and RBS experiments the postdeposition oxidization process is found to result in the formation of a well-defined bilayered structure of transparent fcc Co 3 O 4 on top of metallic Co. Magneto-optical spectral measurements reveal strong resonance-type enhancement of the Kerr rotation and ellipticity by up to a factor of 10 compared to bulk Co. These enhancements clearly correlate with minima in the reflectivity and can be quantitatively modeled using bilayer optical stack calculations.
